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A METHOD FOR EVALUATING THE LOADS AND CONTROLLABILITY
ASPECTS OF THE PITCH-UP PROBLEM

By Melvin Sadoff, Frederick H., Matteson,
and C. Dewey Havill

SUMMARY

A procedure 1s described for estimating the range of peak airplene
load factors and maneuvering tseil loads likely to be experienced in
pltch-up maneuvers. The method assumes & realistic evalustlion maneuver
which partially integrates airplane end pilct response.

Results of computations, in which it is assumed that this evaluation
maneuver is used on an example swept-wing airplane at 35,000 and 15,200
feet, indicated that though the load factors and maneuvering tail loads
were not critical in piltch-up maneuvers at 35,000 feet, they were likely
to exceed design levels at 15,200 feet., It was shown, however, that for
corrective-control rates of 45° per second or higher, the airplane load
factors would not exceed the design value by more than 10 percent. It
was indicated that it would be desirsble to restrict the maximum gvail-
able corrective-control rate to some optimum value which compromises the
high rates required to minimize overshoot load factor with the low rates
desirable for low maneuvering tgil loads.

A tentative criterion, based on the ratio of the destebilizing moment
at the time of corrective=-control epplication to the corrective-control
mement per unit stick deflection svsilsble to the pilot, sppears promising
for predicting controllability of pitch-up. Preliminary informastion on
two swept~wing fighter airplanes indicated that ratios of 1 to 20 and 1
to 100 were assoclated with an uncontrollaeble pitch-up and a relatively
controllaeble pitch-up, respectively.

INTRODUCTION

One of the important problems experienced with swept-wing alrplanes
is the undesirsble pitch-up tendency associated with nonlinesr pitching-
moment curves., The pltch-up is considered undesirable in two main
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respects. Under certain conditions, the design wing and horizontel-tall
loads may be exceeded insdvertently in pitch-up maneuvers. Furthermore, = T
the occurrence of pitch-up liflmlts controlled maneuvering, in many cases, o
to load factors below the piltch-up boundary; in others, it results in a
significant reduction in controllability.

Several flight investigations (refs. 1 to 4) and an analytical study =
(ref. 5) provide some informaetion of general interest i1n connection with
the loads and controllebility aspects of the pitch-up problem. Refer-
ence 1 presents some experimental evidence of the possibility of encounter-
ing large wing and tail loade 1n pitch-up meaneuvers. In references 2 to -
4, pilot opinion of the pitch-up characteristics end controllability of R
two 35° swept-wing airplanes with various wing and tall modifications is
presented. The snalytical investigation of reference 5 assesses various
pitching-moment irregularitilies in terms of the sbruptness of the airplane
response during pitch-up to a more or less arbitrary cantrol input; how-
ever, no specific attempt was made to consider quantitatively the load
factors and taill loads or the relstive controllability that may be
expected In specified pitch-up maneuvers.

The purpose of the present paper is to outline a procedure, based on _
an sssumed realistic control input (or evaluation maneuver), which may be v
uged to assess primarily the locads aspects of the pitch-~up problem. Alsoc,
the possibility of predicting the degree of controllability of a speci- ’
fied pltch-up tendency is briefly disciliesed. Computations are made for
an example swept-wing fighter airplane to illustrate the use of the method.

NOTATION
- Me +
b alrplane damping coefflciehnt, Lo -2 Mé, l/sec
M
5e Mgo. .
c control-deflection caefficient, =—=— - ——ac, 1/gec
0 g Iy IymV’ /
Zy,
Cy control-rate coefficlent, 75%, 1/sec
Cn airplane pitching-moment coefficient about airplane center of
gravity, airplane piltching moment )
qSe . L
cr airplane 1ift coefficlenmt, —=% - - -~ - S s

as
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airplane normal-force coefficient, %%

wing mean aerodynamic chord, ft

acceleration of gravity, 1 g = 32.2 ft/sec2
pressure altitude, ft

airplane pitching moment of inertia, slug-ftZ

parameter denoting demping ratio of airplaene to that of
horizontal tail

- Ms
airplane spring constant, Mo, EELQ, 1/sec®
Iy IymV

distance from airplane center of gravity to aerodynamic center
of horizontal tail, ft

airplane 1ift, 1b
horizontal-tail 1ift, 1b

intercept of a particular linear segment of the pitching-moment
curve on the ordinate axis, A = O

airplane mass, g,-slugs
airplane normal force, 1b

airplane normal load factor,

|

dynamic pressure, lbs/sq ft



S¢

o+

NACA RM A55DO6

wing area, sq ft

horizontal-tail area, sq ft

variable introduced in Laplace transform
time, sec } 2. e . — -l
airplane velocity, ft/sec

alrplane welght, 1b

airplane angle of attack, deg or radians

flight-path angle, radlans

elevator angle, deg or radians

control-stick angle (fore and aft), radians from neutral

when preceding symbol denotes increment from steady-state
condition

downwash angle, deg or radians

Q.
horizontal~-tail efficiency factor, i

q
angle of pltch, radians
mags density of air, slugs/cu ft
acCy,
airplane lift-curve slope, —, l/radian

dou
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ac
(CLa,) & horizontal-tail lift-curve slope, Twl_ti’ 1/radian
dc
Cry —L, 1/radian
e dde . .
c &Cm 1/radisn
Mgy, da ’
dCp
Cmse 53-;, 1/radian
Mg, (Cmy,)qSE, £t-1b/radian
o€ ft-1b
e Mé-b (?Q) ? radian/sec
Mg, (Cm5e>q55: ft-1b/radian
M (cm )ch': ft~-1b/radian
Sstic.k Sstick ’
-'qt<CLU'> pVS 1 ”
M t £t-1b
Oy 2 > radian/sec’
M ft-1b
¢ +’ radian/sec
Zg, '[@%) q_S], 1b/radian
Zg -[G}Ise)qs}, 1b/radian
&, 75 Bes da 4y d8e ap a
? }equivalent notation for 3%’ ap’ aT° aw’ and 3
8, &
v m oa d%a a3y aze
a, 7, 6 equivalent notation for pvet re-y and e



Subscripts
% horizomtal teil .. e =
] corresponding to a specified value of pitching acceleration
i initial conditions in. 1ith time interval e
max - maximum value . e . S oIt
th threshold.. ' ; S . .
D duration of pitching-acceleration stimulus

DESCRIPTION OF EXAMPLE ATRPLANE

The example dirplane used in the present computations is a jet-powered .
swept-wing fighter type. A photograph of the airplane is presented in '
figure 1, and the physical characteristics and a two-view drawing of the
airplane are given in table I and figure 2; respectively.

DESCRIPTIOR OF METHOD . : _

Evaluatlion Maneuver

A realistic evaluation of the lasds that _might occur during a pitch-up
requires the establlishment of a rational pitch-up evaluation maneuver.
In general, a pitch-up maneuver may be expected to consist of three dis-
tinct parts: (1) application of elevator control.at a constant rate until
the pilot detects pitch-up; (2) continued application of control at the
initial rate for an interval depending on the pllotls reaction time; and
(3) application of corrective control to arrest _the pitch-up at a rate
depending on several factors including pilot experience with pitch-up,
Intensity of pitch-up, and proximity to the design load factor.

It 1s necessary in order to arrive at a rationsl evaluatlion maneuver
to 1dentify and determine the level of a response quantity which the pilot
assoclates with the onset of pitch-up. It is alsc necessary to determine
a reasonable average pllot reaction time. Some limited results in refer-
ences 2 and 3 indicated that an appropriate response gquantity might be
pitching acceleration, since the pilots appeared to apsoclate different "
levels of pitch-up intensity with the magnitude of pitching accelersfion 3
developed during pitch-up. In view of this, tests were conducted on a
modified Link trainer, to ascertain whether there existed a minimum value i



NACA RM A55D06 _ T

of pitching acceleration which correlated consistently with the pilots!?
initial appreciation of pitch-up. ~The results of these tests, which are
described in more detail in Appendix A, indicated a fairly consistent
correlation of a pitching acceleration threshold A8 of about 0.15 with
the pilots! initiasl perception of pitch-up. The tests also indicated a
mean reaction time of gbout 0.3 second. For the present aralysis, an
additional 0.1 second (or a total of 0.4t second) was applied to account
for the time required to accelersate the control surface from rest to a
constant rate. - : - -

With the concept of & pitching-acceleratlon. threshold estesblished,
and a reasonable reaction time, and with the pertinent aerodynamic and
geometric data known, it was then possible to define parts (1) and (2) of
the evaluation maneuver. Since it was not possible to predict the exact
control rate used by a pilot to arrest a specified pitch-up tendency, a
range of corrective-control rates was selected for part (3) of the evalua-
tion maneuver to illustrate the effect of this variable on the load fac-
tors and tail loads that may be experienced in pitch-up meneuvers.

The control inputs, established by the above procedure for the example
airplane, are presented in figure 3 for a Mach number of 0.90 (the speed
at which the pitch-up is most severe for the example airplane) and for two
altitudes - 35,000 feet and sbout 15,000 feet. The upper altitude was
chosen to correspond to the altitude at which most of the flight\tests were
performed on the example airplane and the lower altitude was selected to
illustrate the loads aspects of the pitch-up problem at low altitude. In
the present example, this altitude corresponds to the altitude at which
the pitch-up flight region (lower boundsry defined herein as the angle of
attack for neutral stick-fixed stabillity) was just penetrated in a 6 g
meneuver. The several initial control rates (fig. 3), which correspond to
initiel values of A4 of 0.2, 0.5, and 1.0 g per second, were selected to
cover a reasonable range of entry rates from the relatively gradual maneu-
vers used by Ames pillots in research tests to the more abrupt maneuvers
that are likely to be used in treining or combat.

Computational Procedure

The equations of motion and the pertinent aerodynamic and geometric
data used in the computations are presented in Appendix B. Airplene
responses associated with the elevator motions shown in figure 3 were
cbtained with a Reeves Electronic Analog Computer.

In the event that an analog computer is not readily available, or .
where there are only a few configurations to check, a computational pro-
cedure using the Laplace transform method is also described in Appendix B.
A sample get of computations is presented and the results are compared
with the solutions obtained from the REAC.
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APPLICATION OF METHOD TO EXAMPLE
SWEPT-WING FIGHTER AIRPLANE

Loads

Computed . response gquantities for the example airplane at 35,000 feet
are presented in figure 4. Incremental angle-of-attack and pitching-
acceleratlon variations are shown in figure_k(a), while computed time
histories of airplane load factor and incremental maneuvering horlizontal-
tail load are given in figure 4(b). The daghed lines in figures 4(a) and
L(b) marked "1imit of ACp(a) and ACx(a) curves™ refer to the maximum
values of Ao and n for which experimental pltching-moment and 1ift date
used in the computations were available. The two vertical ticks on the
Ao and n responses indicate, respectively, the time at which the pllot
would first perceive pifch-up (AF = 0.15) and the time at which corrective
control was initiated. The resiulis in figure 4 indicate that for
corrective-control rates of 20° per second or lesse, recovery does not
tions are available, and the overshoot! values of Aa and n are relatively
large, exceeding 9° and 2.5, respectively. For the higher corrective-
control rates, recovery occurs at lncremental angles of attack of less
than 8° and at loasd factors less than L, and the overshoot in angle of
attack and load factor is sbout 3.5° and 1.5, respectively. There does
not appear to be any consistent effect of entry rate A on the peak air-
plane responses during pitch-up (fig. 4). However, 1t may be pointed out
that for a constant corrective-contirol rate, the overshoot values of angle
of attack and load factor increase appreciably with an increase in entry
rate. It should alsc be noted that the values of Ao and n at the
pitching-acceleration threshold decreasé appréclably with an increase in
entry rate. The results in flgure 4 alsc show little variation of the
peak negative piltching acceleration qr maximum positive incremental maneu-
vering tall load with entry rate #A. In the present example, the peak
values of . § and'ALtg' for corrective-control rates above 20° per second

are limited by the maximum down-elevator deflection avallable.

. Figure 5 presents computed response quantities for the example air-
plane in piltch-up maneuvers at 15,200 feet. Incremental angle-of-attack
and pltching-acceleration time histories are presented in figure 5(a), and
normal load factor and incremental maneuvering horizontal-tail load varia-
tions are shown in figure 5(b). Comparison of these results with those of
figure 4 indicates that for the same values of corrective-control rate and
entry rate, the overshoot 1n angle of attack at the lower altitude is only
about 60 percent of that at 35,000 feet. In the presént case, this results

Tn the present analysis, overshoot 18 defined as the dlfference
between the peak values of Aq and n and the valuese existing at the time
the threshold value of pitching acceleration was attained.




NACA RM A55D06 9

in overshoot load factors at 15,200 feet about 50 percent greater than
those at 35,000 feet. It may be noted that the pesk load factors reached
in the sssumed pitch-up maneuvers at 15,200 feet exceed the design velue
apprecisbly for the lower corrective-control rates. However, for
corrective-control application at a rate of 45° per second or higher, the
velue of npgy would not exceed the design level by more than 10 percent.
For the same corrective-control retes, the peak negative pitching accelera-
tions and the corresponding maximum incremental tail loads attained in
piteh-up maneuvers st 15,200 feet (fig. 5) are approximately 50 to 100 per-
cent greater than the pesk values reached at 35,000 feet (fig. 4). The
results in figure 5(b) show, for a constant corrective-control rate, rela-
tively smell difference in ALté due to changes in entry rate 1,

nax
while a substantial increase in tall load is assoclated with an increase
in corrective~control rate. These and the foregoing results suggest that
it may be desirable to limit the maximum aveilable control rate to some
optimum value which compromises s reduction in overshoot load factor with
&8 decrease in the maneuvering tail loed.

Summsry plots, which may be useful in selecting an optimum control
rate, are presented in figures 6 and T for altitudes of 35,000 end 15,200
feet, respectively. Values of overshoot load factor and incrementsl mereu-
vering horizontal-tail loasd sre plotted as a function of corrective-control
rate for various values of 1. The results at 35,000 feet (fig. 6) indi-
cate that for corrective-control rates above 459 per second, only a small
further reduction in overshoot loaed factor ocecurs, while practically no
change occurs in the values of ALté . At 15,200 feet (fig. T), for

max

corrective-control rates greater than sbout U5° per second and up to the
meximum rate considered of 75° per second, the overshoot load factor is
further reduced by only approximately'O.E (3 percent of the design value),
while the values of ALté increase from roughly 90 percent to 120

mex
percent of the design tall losd for the example airplane. It appears, on
the basis of these results, that it might be desirable to l1imit the maxi-
mum available control rate to about 45° per second, since a further
increase in rate results 1ln an appreciable incresase in maneuvering tail
load without materially reducing the overshoot load factor.

Controllability

In & previous flight study of the plich~up problem on the example
airplane (ref. 2), it was indicated that pilot opinion of the pitch-up
appeared related to the level of peak positive plitching accelerastion
experienced during the pitch-up mesneuvers. Although the magnitude of the
peak pitching-acceleration response may describe the relative controlla-
bility of a pitch-up tendency on & glven airplane, where the effectiveness
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of seversl modificatiaons on the pitch-up 1s being evaluated (as in ref. 2,
for example), this response quantity alone is not sufficlent to indicate
the relstive controllebility of pitch-up on seversl different airplanes
with different pitching moments of Inertis snd longitudinal control effec-

tiveness. In a preliminary assessment of the problem, it was decided that
a more genersl controllability criterion might comprise all three of these
quantities, that is, pitching acceleration, moment of inertia, and control
effectiveness, and would relate the unstable pitch-up moment I.0,,, at
the time of corrective control gpplication to the corrective=~control

moment per unit stick deflection avellable to. the pilot Msstick'

A plot presenting the variastion of the controllability parameter
Iyé/Msstick with entry rate 1 .is shown in Ffigure 8 for the example

airplane at 35,000 and 15,200 feet., Tt may be noted that an increase in
value of this parameter implies a decrease in controllabllity of the asso-
clated pitch-up tendency. The results in figure 8 indicate a significant
reduction in controllability with an increase in entry rate 1 for both
35,000 and 15,200 feet. It alsc appears fram the results in figure 8 that
the pitch-up for the example alrplane ig more easily controlled at 15,200
feet than at 35,000 feet, since the corrective-control moment per unit
gtick deflection 'Mastick Increases more rapidly than the destabilizing

moment Iybpgy With a decreasé in altitude.2

Flight tests at 0.90 Mach number at 35,000 feet, where entry rates
i of 0.2 g per second to 0.5 g per second were used to enter the pitch-up
region, have indicated that the pitch-up tendency on the unmodified exam-
ple airplane was relatively uncontrollable, From the upper curve in
figure 8, 1t may be noted that the camputed values of controllsbility
factor corresponding to this uncontrollable pitch~up vary between about
0.05 and 0.065. In order to provide some informsation on the magnitude of
the parsmeter IyémEX/Msstick corresponding to an airplane which has a

relatively mild pitch-up and which is considered fairly controllable, com-
putations were also made for the 35° swept-wing airplane described in

2T+t should be recognlzed, however, that since the controllability
parameter Iygmax/MS 1 ek is roughly an inverse measure of the sbility

of the pilot to reduce a given destabilizing moment (hence angular accel-
eration) to zero, the improved controllability in the present case refers
only to the ability of the pilot to control ailrplane attitude, that is,
angle of attack, angle of pitch, etec. This was touched upon previously
in the discussion where it was noted the overshoot in angle of attack at
15,200 feet was only about 60 percent of that at 35,000 feet. (If it is
desired to define cantrollability as the sbility of the pllot to control
load factor, then the proposed controllablility parameter should be multi-
plied by appropriate values of dynamic pressure and lift-curve slope.

The controllability parameter would then be greater at the lower altitude,
i.e., a reduction in controllability. This is in agreement with the
larger overshoot in load factor at the lower altitude previously noted.)

o



NACA RM A55D06 o 11

reference 4, This sirplane differs from the example airplsne mainly in
that its pitching moment of inertia and longltudinsl control effectiveness
are greater than those of the example airplane by factors of 1—1/2 and b4,
respectively. The computed results for this airplane are shown in fig-
ure 9 where they are compared with the data for the exemple airplene at
35,000 feet. It may be seen that the values of the controllability param-
eter for the reference airplane are only about 20 percent of those for

the example airplane over the range of entry rates n covered in the com-
putations. :

It is recognized that the proposed controllaebility criterion should
be checked for & number of airplane configurations for which pilots!
opinions of the piltch-up characteristics are svailsble. A study of this
kind, directed toward prediction of pitch-up characteristics, is currently
under way.

CONCLUSIONS

A method is described for predicting the range of airplane load fac-
tors and horizontel-tail loads that may be experienced in pitch-up maneu-
vers, The method is based on & realistic evaluation maneuver wherein it
is assumed that the pilot applies nose-up longltudinal control st s con-
stant rate until 0.4 second after the pitching acceleration has increased
0.15 radian per second per second above the steady-state value, at which
time nose~-down corrective control is gpplied at various constent rates.
Application of the procedure to an example swept-wing fighter airplane has
led to the following conclusions:

1. At 35,000 feet where the pitch-up region wes entered at load
factors well under the design value, the results of the snalysis indi-
cated that the sirplane losd factors and the incremental maneuvering
horizontal=-tall loads likely to be experienced in pitch-up maneuvers were
not critical. The load factors would generally be restricted to wvalues
below the design level, elther by the application of adequate corrective
control or by the stell, while the tail loads were limited, In general,
by the maximum down-elevator control available.

2. At 15,200 feet where the pitch~up region was entered in s maneu-~
ver between 5 g and 6 g, the analysis indicated both the load factors and
tail loads likely to be encountered in pitch-up maneuvers would exceed
design values. However, for corrective-control application at the rate
of 45° per second or higher, the pesk load factors would not exceed the
design level by more thaen 10 percent.

3. Based on the results of the present analysis, it appesrs desir-
able to restrict the maximum control rate on airplanes which experience
piteh-up to a value based on a compromise between desirable reductions
in overshoot load factors and maneuvering tail loads. For the exasmple
airplane considered in the present anelysis, an optimum rate of 450 per
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second is indicated, since greater rates would result in greater tail
loads without materially effecting a further reductlion in overshoot load
factor.

b, A computed parsmeter, based on the ratlo of the unstable pitch-up
moment at the time of corrective-control application to the corrective-
control moment per unlt stick deflection available to the pilot, appears
promising for predicting controllabillity of pitch-up. Preliminary informa-
tion available on two swept-wing fighter airplanes indicated that for a N
pitch-up considered uncontrollable by the pilots, the ratio Iyéﬁax/Msstick

is of the order of 1 to 20, while for a relatively controllable pitch-up,
the ratio is about 1 to 100.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif., Apr. 6, 1955.
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APPENDIX A

LINK TRAINER TESTS

These tests were designed to determine empirically the values of
pilots?! reaction time and pitching-acceleration threshold needed to con-
struct the pitch-up evaluation maneuver used in this report. The problem
is analogous to that described in several research projects directed
toward defining the transfer functions of a human operator. The available
literature and results are swmmarized in references 6 to 9. Although
these references contained some resulis on resction time to a pitching-
acceleration stimulus and on threshold values of pitching acceleration,
these data were not, in general, considered applicable toc the present
analysis since they were not obtalned in an appropriate environment.

In order to keep the enviromment as close to flight as practlicable
the tests were made in a Link trainer modified so that an ocutside operator
could introduce arbitrary pitching motions which were independent of those
associated with operation of the control stick. The trainer, figure 10,
was equipped with instruments to record stick position, pitching velocity
and acceleration, and time. The procedure was to measure the reaction
time separately and then to deduce the pitching-acceleration threshold
from the type of run shown in figure 1l. As it was not possible to measure
the reaction time to a vestibular stimulus using the modified Link trainer,
the resction time to a visual stimulus was used because, in the present
case, the proper environment was considered more important than the type
of stimilus used. ' )

The technique for measuring reaction time was toc have the pilot make
a gradual pull-out. At various random positions of the Link the operator
would turn on an indicator light. The pilot was instructed to push the
stick forward immediately upon seeing the light. The time interval between
the light golng on and the start of control application was considered the
reaction time. This procedure was also used with the pilot distracted by
having to hold a constant headlng, with and without rough air. The test
results from 20 to 30 runs each on three pilots and three englneers are
summarized in table IT. The mean reaction time is about 0.3 second which
is in good agreement with the various data cited in reference 6.

As indicated on figure 11 the procedure in the runs to determine
pitching-acceleration threshold was to have the pilot mske a gradual pull-
out; then at a random time and using various angular velocity and accelera-
tion rates, the outside operator would induce a piltch-up. The pllot was
instructed to recover by pushing forward on the stick as soon as he per-
ceived a pitch-up. As previocusly shown the threshold pitching accelera-
tion was determined as the value existing a fraction of a second, equal
to the subject?s mean visual reaction time, before the application of



corrective control. (See fig. 11.) In order to establish whether visual
perception or angular position or velocity was a factor, runs were made
with the pllot looking at the instruyment panel wilth the gyro horlzon
covered and uncovered, with the pilct locking out through & window in the
canopy, and wilth the pilotts eyes closed. Tests were again rur with the
with and without simulated rough air. No appreciable effect was noted due
to any of these variables. :

The results .from 20 ta 30 runs on each of three pilote and one engi-
neer indicated a mesn threshold of 0.12 radian per second as shown in
table III. Since both the reactlon time and threshold are statistical
quantities there was a fairly large scatter indicated by the standard
deviations. As shown in figure 12 the value of 0.12 rdgdian per second per
second is in general agreement with results from reference 9 which were
presented as a function of the time duration of the stimulus. It may be
noted that the pitching-acceleration threshold tends to decrease with an
increase in the duration of the stimulus up to sbout 8 seconda. A limited
series of flight tests (4 runs) on an F-84F eirplane, which were made to
check the Link datas, indicated a mean value of 0.18 radian per second per
second. The value used to construct the model plich-up eveluation maneu-
ver wag selected as 0.15 radlan per Becond per second.
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APPENDIX B

METHODS OF COMPUTATION

REAC Method

If & constant speed maneuver 1s assumed and if some of the higher
order derivatives are neglected, the longitudinal equations of motion used
may be written as Co .

~aVy = 2(a) + Zg OBe (B1)

Iyd = M(a) + Mgd + Mgb + Mg _Obe (B2)

where the nonlinear functions Z(a) and M{a) were obtained from the upper
two solid curves in figure 13, and the other pertinent informastion was
obtained from tables I and IV. It may be noted that either for the sake
of simplicity or because Insufficient information was available to define
the variations, the values of Mg, Mé, and Mae were assumed constant

over the angle-of-attack range. Solutions were then obtained of &a(t),
8(t), and 7(t) for the longitudinal control inputs shown in figure 3.

Laplace Transform Method

In this method the nonlinear pitching-moment and lift curves are
divided into several linear segments approximating the original curves,
as-illustrated in figure 13. Computetions are then made for several time
intervals where a new interval is dictated elther by a change in slope of
the linearized pitching-moment curve (fig. 13) or by the application of
corrective control. The longitudinal equations of motlon used in this
case are oo ) . R -

—ID.VQ.’ = ngsa, -+ Zseébe ’ (B3)
Iy = Mofa + Mgd + Mg + Mg ASe (Bk)

where Zg, My, and Mg are appropriate to the particular linear segment
of pitching-moment curve under consideration. (See fig. 13.) The values
of Zse, Ms., and Mg were assumed constant over the entlre range of angle
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of atteck. Since it is assumed that ¥ = § - &, equations (B3) and (B4)
meay be reduced to the equivalent second-order equatlon

& + bh + kfo = CoMde + C,Be + (Mo/1y)y (B5)

where ABg = Bt - t4) + ABey and (8My/Iy); is proportional to the inter-
cept of the linear pitching-moment segment under considerastion in the 1ith
time interval on the ordinate axis (Aa = 0). ,The general lLaplace irans-
formation of equation (B5) neglecting the C, 8¢ term, which is generally

smell, end for a step (of magnitude Aﬁei) plus & ramp elevator motion may
be expressed as ) : S . .

ConBe, + (AMo/Iy)i

8280(8) + sbAa(s) + kAa(s) - (8 + b)Aoy - &y = Cobe +

82 a
from which
rals) = (s + b)Aoy + 4 . CoMBey + (AMQ/Iy)i . Code
82 + bs + k s(s2 + bs + k) s2(82 + bs + k)
(B6)
and
i(s) (8 + b)Aags + dy8 Coﬁﬁei + (AMQ/Iy)i Coée
= + .
® B2 4+ be + k 82 + bs + k _ * (82 + bs + k)
(B7)

The b, k, Aoy, and &3 values are appropriate to the particular linear
segment of pitching-moment curve being considered. The term 0065e

is proportionsel to the change_ln pitching moment due to elevator deflection
from the start of the meneuver (Ax = O, t '=70) To the beginning of the 1th
time interval. The airplane responge in the time plene {inverse trans-
formation of eqs. (B6) and (B7)) mey be readily evaluated by Heavisides'
partial fractions expension. (See ref. 10.)

To 1llustrate. the use of the laplace transform method for computing
eirplane response in pitch-up maneuvers, a sample set of computatlions is
presented for the example airplene at 35,000 feet using the longitudinal
control input shown in figure 14 for an inttial value 1 of 0.2 g per
second. This control input is slightly different from the corresponding
one used in the REAC ansalysis because of a slightly ‘different initial
pitching-moment slope. (See fig. 13.) The pertinent basic data used are
given in table IV and in figure 13.
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For region I, which corresponds to the linear pitching-moment segment
between values of Aa of O and 0.0445 (fig. 13),

CoBe 0.195

= = B8
sa(s) 82(s2 + bs + k) 82(82 + 2.28 + 28.6) (28)
and

0.195
5(52 + 2.28 + 28.6) (B9)

a(s) =
The inverse transformations of equations (B8) and (B9) are

Haft) = -0.00052 + 0.00683t + an oscillatory term (B10O)

a(t) 0.00683 + an oscillatory term (B11)

i

The oscillatory contributions in equations (Bl0) and (Bll) are generally
small and may usually be omitted.

For region II (0.0628 > Aa > 0.0445),

Aals) = 0.044582 + 0.1048s2 + 0.490s + 0.195 (B12)
82(s2 + 2.28 + 10.7)
or
-1,1%
Aa(t) = 0.0422 + 0.0182% + 53—% (0.0071 cos 3.085t - 0.0089 sin 3.085t)
(B13)
and
-1,1t
a(t) = 0.0182 + 33—0—8? (-0.0353 cos 3.085t - 0.0121 sin 3.085t)
(B1h)

For region IIT (0.0768 > Aa > 0.0628),

Nofs) = 2:062982 + 0.1293s2 - 0.4528 + 0.195 (B15)

s2(s2 + 1.78 - 8.0)
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or. . . . e e R . - . . -

Axft) = 0,051k - 0.02Lkt + 0.0154eZ°11% _ 0,0038e-2:81t  (B16)

&(t) = -0.024k + 0,0325¢2-11% | o 014568 81T (B17)

Sinilarly for region IV, which corresponds to the llnear segment of
pitching-moment curve between values of Aa of 0.0768 and 0.21 (limit

of ACp(a) and ACx(a) curves),

AQ,(S) = 0-076753 + 0.18]-]-932 « Q. 261|-S + 0-195 (318)
s2(g2 + 1.Ts - 6.6)
or . . . - _
Ax(t) = 0.0323 - 0.0296% + 0.04h7e: 86t L 0,000 8567 (B19)
and - . . L . e —

&t) = -0.0296 + 0.0832e1+88t _ 0,0007e~28 56t (B20)

At the point in time where corrective control is applied (fig. 14)
the terms in the numerator of equation (B18) will change (since the
initial conditions and the elevator ramp rate have changed), but the
denominator will remain the same (corrective control applied in region IV
in present example) so that for a carrective-control rate of 10° per
second,

0.1148s8 + D.3406s82 - 0.186s8 - 1.62
82(82 + 1.7s - 6.6)

Mas) = (B21)

or

Aaft) = 0.091 + 0.2455t - 0.0029ke™ 88% 4 0.0267e™3-58T  (@22)
i

and . _ N
&(t) = 0.2455 - 0.00547e* *88% _ 0,095¢3-58% (B23)
For corrective-control rates of 20°, h5°, and 750 per second, it is

only necessary to substitute respective values of Coée of -3.24, -T.3,
and -12,17 for -1.62 in the numerator of equation (B2l). The results
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of the computations for this case are presented in table ¥V and in fig-
ure 1k, where they are compared with the corresponding solutions from the
REAC. The agreement shown is fairly good, although it is indicated that
linearizing the pitching-moment curve results in a slightly lower peak
positive pitching acceleration (and therefore lower overshoot in angle of
attack) than the values obtained from the REAC solutions. '
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TABLE I.- DESCRIPTION OF

EXAMPIE AIRPLANE

21

Wing

Total wing area, sq Fig

Span, ft « . + « . &
Aspect ratio . . . .
Teper ratio . . . .

Mean serodynamic chord, ft

Dihedral angle, deg

Sweepback of 0.25-chord line, deg

Geometric twist, deg

Root airfoll section (normal to 0 25-chord

Tip alrfoil section (normel %o

Horizontal tail
Total area, sq £t .
Spen, ft . . . . . .
Aspect ratio . . . .
Taper ratio . . . .
Dihedral angle, deg

Mean serodynamic chord, ft

Sweepback of 0.25-chord line, deg

1ine) . .

0.25-chord line). . .

Airfoil section (parallel to center line)
Maximum stabilizer deflection, deg . . . .

Elevator

Area, sq ft . .-:

Span, each, ft . .

Maximim deflection, deg

Boogt .. . . . .

Horizontal-tail length, ft .

Airplane weight, 1b .
Airplane mass, slugs .

Airplane pitching moment of inertia,

Center-of~gravity location, percent &

slug-£t2

287.90

37.12

k.79

0.51

8.08

3.0

35.23

2.0

NACA 0012-64
(modified)
NACA 0011-6k4
(modified)

3k.99
12.75
4.65
0.45
10.0
2.89
34.59
NACA 0010-6L4
1 up, 10 down

10.13
2.TT

35 up, 17.5 down

hydraulic
18.25
12,400
385
17,480
22.5
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TABLE II.- SUMMARY OF VISUAL REACTION TIME TESTS
Pilot Engineer
Item
A B C A B C

Number runs 33.. 19 22 53 17 19
Mean reaction

time, sec 0.343 1 0.247 | 0.246 0.325 0.283 0.31
Standard devi- C

ation, sec 0.085 | 0.045 | 0.0L8 0.125 0.036 0.117

TABLE III.- SUMMARY OF PITCHING-ACCELERATION-THRESHOLD TESTS

Pilot Engineer!
Item
A B c B
Number runs 20 30 19 22
Mean pitching-
acceleration threshold,
radians/sec? S 0.093 0,143 0.120 0.124
Standard deviation
radians/sec2 0.046 0.090 0.072 0.055

TABLE IV.~ PERTINENT AERODYNAMIC DATA USED IN ANALYSIS =~

Airplene lift curve, ACx(a) . . .
Airplane moment curve, ACm(a) .

Horizontal-tail lift-curve slope, (CLm) , per radian. .
Elevator moment effectiveness, Cm8 s per radian . . . .

Downwash factor, d¢/da . « . . . .

Ratlo of horizontal tail to wing dynamlec pressure,

qt/q..............
Damping ratio of airplane to that

K e v s e e . . e e e
Pressure altitude, hp, ft « e e e s
Airplane veloelty, V, ft/sec... .o
Mach number . . . . . .
Mass density of air, p, slugs/cu £t

of horizontal

. . . .

tall,

. See fig. 13
See fig. 13
3.0

-0.246

See fig. 13

Assumed 1.0

Assumed 1.25
35,000

875

0.90
0.000736
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N TABLE V.- SAMPLE COMPUTATIONS

@ G ® | ® | 6 ® Q| ® ©

b ;; 8 % | control
. a,, - . ontro
+ A, & o v & ® +0G o @x:-[l rate
iy
8] 0 0 0 (¢} 0 0 (0]
6.6 .ouls| 00683 | 0 .007 007 | 2.29 -7

Ent
7.75 | .0629| .0223 [ -.008 | .023] 015 [2.68| -14]| 1 515gee

8.5 L0767} .05L5 .1h6 02k ¢.170 | 2.9k | -163
8.55 | .1148] .1Lsh .32k .063 .387 | 3.6 | -370

8.75 153 .191 A75 .083 .258 3.93 | -250| Recovery

9.15 {9.232 | .218 ] o .095 095 | b.9o | -90| 109/sec
8.75 | .18 | .161 -.131 070l -.061 | 3.86 60

- 9.15 .181 }-.0ko -.87 -.02 -.890 427 850
9.35 JA52 (-.261  [-1.33 -.11 | -1.4h0 3.92 | 1380} Recovery

9.54 | .0785(-.564 |-1.92 -.24 | 2,160 | 2.51{ 2070| 20°/sec

9.565| .0631j-.613 [|-2.0k -.27 |®-2.31 2.47 | 2220
9.585| .0534f-.645 [-1.63 -.67 | -2.30 2.38 | 2200
8.75 | .143 | .087 -.850 .038{ -.812 .} 3.80 17T Recove

8.95 | .134 |-.192 |-1.900 | -.080| -1.980 | 3.70 | 1890 15 sec
9.114] .o74 |-.576 |-2.840 | -.250|f-3.090 } 2.88 | 2960
8.75 | .138 {-.003 |-1.711] O -1.711 [ 3.74 | 1640
8.85 | .126 |-.221 |-2.640 } -.096] -2.736 | 3.59 | 2620 | Recovery
8.889] .11k |-.333 |-2.997 | -.1b4|T-3.141 | 3.46 | 3015| T5°/=ec

Z0btained by solving equation (B5).

bZa appropriate to linear pitching-moment segment under consideration.
CThreshold A¥ of 0.15 reached.
N > 1imit of ACy(a) and ACk(a) curves.
- €Peak negative Y attained. -
fpeax negative & reached at meximum available down-elevator deflection.



2L

NACA RM A55D06



Figure l.- The example swept-wing airplane.
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Figure 2.- Two-view drawing of the example swept-wing airplene.



NACA RM A55D06

(a) 35,000 feet.

Figure 3.- Longitudinal-control inputs used in analysls.
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(b) 15,200 feet.

Figure 3.~ Concluded.
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16 4 [ I T 1 T I 4 T
Limit of AGm(a) and AGy(a) curves—
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Figure L.~ Computed response quantitlies at 35,000 feet.
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8
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Figure 4.~ Concluded.
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'6 Limit of AGnL(a) and AC,(a) curves ~
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Figure 5.- Computed respéhse quantities at 15,200 feet.
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Figure 5.~ Concluded.
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Figure 6.- Variation of overshoot load factor and pesk incremental
horizontal-tail load with elevator-control rate used in recovery at
35,000 feet.



34 NACA RM A55D06

5 - .-
n
o 0.2
4 i .
N o 5
5 N o 1.0
™ ~o—]
R
Anovershc::o’t 2 o~ — — T
i
o)
7000 - -
” _
,444//
6000 =
= ‘
5000 //,4Q§5//
4000 =
ALt ? 4J~/ o
Smax [
Ib 3000
2000
1000
% I0 20 30 40 50 60 70 80

8e recovery’ deg/sec

Figure T.- Variation of overshoot load Factor and peak incremental
horizontal-tail load with elevator-control rate used during recovery
at 15,200 feet.
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Figure 8.- Variation of controllshility paramater Iyé.ma.x/MSsti ck with
entry rate 1 at 35,000 feet and 15,200 feet.
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Figure 9.- Comparlson between the controllsbility factors for the
elevator-controlled example airplane with those for a similar
stabilizer-controlled alrplane at 35,000 feet.
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Flgure 11.- Procedure used to determine. pitching-acceleration threshold.
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Figure 12.- Pitching-acceleration thresholds from present tests and from

tests of reference 9.
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Figure 13.- Pertinent basic data used in analysis; pressure altitude,
35,000 feet.
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Figure 14.- Comparison of the angle-cf-attack and pitchilng-acceleration
responses obtained from the REAC and by the Laplace transform method.
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